Receiver operating characteristic curve when myocardial ischemia was defined as ST-segment shift > 0.1 mV in any of the V2, V3 or V4 leads.
Objectives Quantitative assessment of coronary collateral blood flow can be archived by measuring coronary pressure. We studied the relationships between recruitable coronary collateral blood flow and electrocardiographic changes during percutaneous coronary intervention (PCI).
Methods
We measured coronary pressure during coronary occlusion with PCI in 119 patients with left anterior descending coronary artery stenosis. During balloon inflation, the electrocardiogram was continuously recorded. The ST-segment elevation in the most elevated lead was defined as MaxST and the sum of the maximal ST elevation in leads V2-V4 was defined as RST. Fractional collateral flow (Qc/Q N ) was calculated as the coronary wedge pressure divided by the mean aortic pressure. Myocardial ischemia was defined as an ST-segment shift > 0.1 mV in any of the V2, V3 or V4 leads.
Results A significant relationship between Qc/Q N and MaxST was observed (r = -0.455, P < 0.0001). Similarly, Qc/Q N was significantly correlated with RST (r = -0.477, P < 0.0001). The receiver operating characteristic curve showed that a cut-off value of 0.27 for Qc/Q N , with sensitivity of 71.4% and specificity of 76.2%, was an indicator of electrophysiologically sufficient recruitable coronary collateral blood flow for prevention of ischemia during coronary obstruction. Qc/Q N values during the first, second, third and fourth inflation were not significantly different.
Conclusions Qc/Q N could be clinically useful for determining whether there is electrophysiologically sufficient recruitable coronary collateral blood flow for prevention of ischemia during coronary obstruction. Repeat transient coronary occlusion during PCI did not lead to increased collateral blood flow. 
Introduction
Collateral vessels are congenitally established and further developed as a result of myocardial ischemia or a pressure gradient across the collateral network [1] [2] [3] [4] . The functional significance of collateral circulation in the human heart has been controversial for many years [5] . Evidence of the functional significance of coronary collaterals is now accumulating. Collaterals have been reported to minimize infarct size [6] [7] [8] [9] , to improve global function and to reduce the incidence of ventricular aneurysm formation in patients with acute myocardial infarction who have undergone reperfusion [6, [10] [11] [12] . Collaterals relieve the myocardial ischemia induced by coronary occlusion during coronary angioplasty [13] [14] [15] . These lines of evidence confirm the significance of coronary collaterals in the protection against myocardial ischemic events and evaluation of collaterals in individual patients with coronary artery disease is thus essential with respect to assessing the risk of cardiac events.
The selective coronary angiogram was first introduced in 1957 by Sones and Shirey [16] and is still considered the 'gold standard' for examining coronary vasculature. Collaterals have generally been evaluated by coronary angiograms. Coronary angiography has several limitations [17] . One important limitation is that most collateral signals are under the limits of detection of angiography and thus cannot be visualized. In contrast to coronary angiography, coronary pressure measurements provide physiological information regarding coronary vasculature. Coronary pressure measurements can determine not only the physiological significance of coronary stenosis [18] [19] [20] but also recruitable coronary collateral flow [21] [22] [23] . Coronary pressure measurements are reliable, reproducible and quantitative. A study compared coronary wedge pressure measured using a balloon catheter after removing the guide wire between patients with and without ischemia documented by the exercise electrocardiography test and found a cut-off value of coronary pressure that distinguished collaterals that did or did not provide protection against myocardial ischemia [24] . No study has investigated the quantitative relationship between coronary wedge pressure and electrocardiographic changes during balloon inflation using a pressure-monitoring guide wire. Accordingly, we analyzed coronary wedge pressure quantitatively using a pressure-monitoring guide wire and electrocardiographic changes during coronary occlusion.
Patients and methods

Patients
We measured coronary wedge pressure and simultaneously recorded the standard 12-lead electrocardiogram in 119 patients who had undergone percutaneous coronary intervention (PCI) for stenosis located in the left anterior descending coronary artery (LAD) ( Table 1 ). The patients consisted of 99 men and 20 women, aged 39-87 years (mean ± SD, 65 ± 9 years). All patients underwent PCI for clinical purposes, principally based on the guidelines for PCI [25] . Patients with old myocardial infarction of the LAD perfused area were excluded from the present study because their electrocardiographic changes were thought to be different from those of patients without old myocardial infarction. Informed consent to participate in the study was obtained from each patient and the study conformed to the guidelines for clinical studies in the Helsinki Declaration of 1975 as revised in 1997 [26] .
Coronary angiography
The patients' medication was continued until cardiac catheterization. At the beginning of cardiac catheterization all patients were given 100 IU/kg of heparin intravenously and additional heparin was administered if the procedure lasted more than 90 min. Coronary angiography was performed using multiple views with the coronary angioplasty guide catheter introduced through the right femoral artery.
After pre-PCI coronary angiography had been performed, a 0.014 00 sensor-tipped pressure guide wire (Wave Wire; Volcano Therapeutics Inc., Rancho Cordova, California, USA) for pressure measurement and introduction of the angioplasty balloon catheter was advanced to the periphery of the target coronary artery crossing the stenotic lesion. The balloon was then positioned just into the lesion. During balloon inflation, coronary wedge pressure (Pw) was continuously recorded through the sensor-tipped pressure guide wire ( Fig. 1 ). Aortic pressure (Pa) was also recorded through the guide catheter. Recruitable collateral blood flow (Qc/Q N ) can be quantitatively expressed as a fraction of normal maximal myocardial perfusion (Q N ):
If more balloon inflations were required, the entire sequence was repeated. When stent implantation was attempted, the stent was introduced using the same guide wire and implanted. After a satisfactory result had been obtained, the procedure was completed as usual. Patients were discharged 36-48 h after the procedure. Electrocardiography A 12-lead electrocardiogram was continuously recorded from before to approximately 5 min after balloon inflation. ST-segment shift was measured at 80 ms after the J-point of the QRS complex from the first series of balloon inflation. ST-segment shift at the second, third or fourth balloon inflation trials was not used because repeated balloon inflation has been reported to cause myocardial preconditioning.
Maximal ST-segment elevation (MaxST) among leads V2, V3 and V4 was determined. The sum of the maximal ST-segment elevation obtained from leads V2, V3 and V4 was defined as SST. ST-segment shift obtained from the first series of balloon inflation was considered significant when a shift > 0.1 mV, as measured 80 ms after the J-point, occurred in any of the V2, V3 or V4 leads.
Statistics
Pearson's correlation analysis was employed to examine the relationship of Qc/Q N to the extent of ST-segment elevation during coronary occlusion by balloon inflation. The relative operating characteristic curve was employed to determine the cut-off value of Qc/Q N for detection of significant ST-segment elevation. The unpaired t-test or Welch's t-test was used to compare continuous data between patients with larger and smaller than cut-off values of Qc/Q N when the variance of the data of the two groups was equal or not equal, respectively. Analysis of variance with repeated measures was used to determine the number of balloon inflations and Qc/Q N .
Results
Relationship between Qc/Q N and ST-segment elevation Figure 2 shows the results of the relationship between Qc/Q N and ST-segment elevation. Pearson's correlation analysis revealed that there was a significant correlation between Qc/Q N and MaxST. Essentially the same relationships between Qc/Q N and SST were observed. Qc/Q N was significantly correlated with SST.
Cut-off value
The relative operating characteristic curve showed that an adequate cut-off value of Qc/Q N of 0.27, with sensitivity of 71.4% and specificity of 76.2%, distinguished whether recruitable collateral flow prevented significant ST-segment elevation or not (Fig. 3 ). There were no significant differences in coronary risk factors and medications between patients with Qc/Q N Z 0.27 and Qc/Q N < 0.27 (Table 1) .
Comparison between Qc/Q N and severity of stenosis
There was no significant correlation between Qc/Q N and percentage diameter stenosis. There were also no 
Follow-up results
Major cardiac accidents occurred in six patients (2.3%). during the follow-up period ( Table 3 ). Acute coronary syndrome and cardiac death occurred in four and two patients, respectively. These patients, except for one, had Qc/Q N < 0.27. All of the patients with cardiac events did not have characteristic backgrounds consisting of risk factors or medications, though the number of patients with cardiac events was small.
Discussion
The present study demonstrated that recruitable collateral blood flow determined by coronary wedge pressure measurements correlated with myocardial ischemia judged by electrocardiographic changes during coronary occlusion in patients with significant stenosis in the LAD who had undergone PCI. Functional collateral flow estimated by the present methods was thought to be related to long-term risk of cardiac events.
We used coronary wedge pressure to estimate recruitable collateral coronary blood flow. An experimental study that measured coronary wedge pressure during coronary occlusion and directly determined collateral flow by Doppler flow wire in dogs demonstrated a close relationship between the coronary wedge pressure and collateral flow [21] . A close relationship has been reported between coronary wedge pressure and myocardial perfusion as judged by positron emission tomography and 99m Tcsestamibi imaging [23, 27] . The reliability of coronary pressure measurements made using sensor-tipped pressure guide wires has been demonstrated [22] . These experimental and clinical studies confirmed that the coronary wedge pressure measured by a sensor-tipped pressure guide wire was reliable and valid for assessing coronary collateral flow.
We found a significant correlation between Qc/Q N and ST-segment elevation, though the correlation was not very strong. No previous study has examined the quantitative relationships between Qc/Q N and ST-segment elevation and thus our results could not be compared with published results. Collateral blood flow depends on collateral resistance and pressure differences across the collaterals [2, 28, 29] . Collateral resistance was affected by the collateral properties. These properties change during ischemia. In addition, the vessel wall properties and blood viscosity affect the zero flow 
ACS, acute coronary syndrome; CAD, coronary artery disease; ACEI, angiotensin-converting enzyme inhibitor; ARB, angiotensin-receptor blocker.
pressure. These factors probably differ from patient to patient. These factors may explain why the correlation between Qc/Q N and ST-segment elevation was not strong.
The present study revealed that a Qc/Q N value of 0.27 was a cut-off value that differentiated, with sensitivity of 71.4% and specificity of 76.2%, whether collateral blood flow was sufficient to prevent ischemia during occlusion or not. A similar cut-off value obtained using different methods has been reported [24] . The Qc/Q N cut-off value of 0.27 indicates that approximately one-quarter of the normal perfusion pressure prevents ischemia of the myocardium during coronary occlusion. Perfusion pressure below the autoregulatory range was closely correlated with coronary blood flow in the individual hearts. A physiological study clearly demonstrated that one-quarter of the resting coronary flow is used to meet the basal metabolic requirements for maintaining the metabolic integrity of the cardiac cells [30] . Our finding of a cut-off value of 0.27 is in good agreement with the physiological results.
The present study found that Qc/Q N < 0.27 was associated with the occurrence of major cardiac events. The functional significance of collateral circulation in heart disease, especially in coronary artery disease, has been controversial for many years. Evidence of the clinical significance of collaterals has been accumulated since it has become possible to visualize collateral circulation by angiography. Many studies have shown that collaterals minimize the infarct size in acute myocardial infarction [7, 9, 30] and function to improve global function [6, 11, 12] and to inhibit ventricular aneurysm formation [6, 31] . A recent clinical study [32] measuring coronary pressure and flow with a Doppler flow wire found that collateral vessels decreased the risk of occurrence of future major cardiac ischemic events. PCI was successful in all patients and collaterals were thus diminished in the present study. Both experimental and clinical studies have demonstrated that collaterals develop quickly when the myocardium undergoes ischemia. Although the stenosis was relieved in all patients in the present study and collaterals were thus masked, collaterals may have reopened quickly and may have played a protective function against myocardial ischemia. The present results regarding cardiac events were completely consistent with the reported results.
There was one report of a study [24] that examined recruitable coronary collateral blood flow determined by coronary wedge pressure. That study used a different method from that in the present study to measure the coronary wedge pressure, namely, it was measured through the balloon catheter after removing the guide wire. The coronary wedge pressure was compared between patients with and without documented ischemia by the exercise electrocardiography test. The exercise stress test has limited sensitivity and specificity. The intensity of the load and judgement of the cut-off point are always problematical in the evaluation of reversible ischemia in various exercise tests. Although the methods for measurement of coronary wedge pressure and detection of reversible ischemia were different between the previous and the present study, the present results were in good agreement with the previous results.
One of the limitations of our study was that it included a relatively small number of patients. The results, however, seemed not to be markedly changed when the number of patients was increased.
The present study demonstrated that Qc/Q N correlates with ST-segment elevation during coronary occlusion. Coronary pressure measurements are clinically useful for determining the collateral circulation, which affects the incidence of cardiac events.
